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136Peripheral baroreﬂex and chemoreﬂex function
after eversion carotid endarterectomy
Massimiliano M. Marrocco-Trischitta, MD, PhD,a George Cremona, MD, PhD,b
Daniela Lucini, MD, PhD,c Maria Grazia Natali-Sora, MD,d Marco Cursi, PhD,d
Domenico Cianﬂone, MD,e,f Massimo Pagani, MD,g and Roberto Chiesa, MD,a,f Milan, Italy
Objective: This study assessed the long-term effect of the eversion technique for carotid endarterectomy (e-CEA) on
arterial baroreﬂex and peripheral chemoreﬂex function.
Methods: The study included 13 patients who underwent, between 2001 and 2006, bilateral e-CEA and 16 who under-
went bilateral standard CEA (s-CEA) to eliminate the complicating effects of intact contralateral carotid sinus function.
Exclusion criteria were age >70 years, diabetes mellitus, chronic pulmonary disease, ischemic cardiac disease or medical
therapy with b-blockers, cardiac arrhythmia, neurologic deﬁcits, carotid restenosis, and previous neck or chest surgery or
irradiation. Young and aged-matched healthy individuals were recruited as controls. All patients underwent standard
cardiovascular reﬂex tests, including lying-to-standing, orthostatic hypotension, deep breathing, and Valsalva maneuver.
Autonomic cardiovascular modulation was indirectly evaluated by spectral analysis of heart rate variability and systolic
arterial pressure variability. The chemoreﬂex sensitivity to hypoxia was obtained during classic rebreathing tests from the
slopes of the linear regression of minute ventilation (VE) vs arterial oxygen saturation measured by pulse oximetry
(SpO2%) and partial pressure of end-tidal oxygen (PetO2).
Results: Patients (16men; age, 62.468.0years)were enrolled after amean interval of 24617months fromthe lastCEA.All
were asymptomatic, and results of standard tests were negative. Residual baroreﬂex performance was documented in both
patient groups, although reduced, comparedwith young controls.Notably, baroreﬂex sensitivity (msec/mmHg)was better
maintained after e-CEA than after s-CEAat rest (young controls, 19.9369.50; age-matched controls, 7.7565.68; e-CEA,
13.85614.54; and s-CEA,3.8361.15; analysis of variance [ANOVA],P[ .001); and at standing (young controls, 7.836
2.55; age-matched controls, 3.71 6 1.59; e-CEA, 7.04 6 5.62; and s-CEA 3.57 6 3.80; ANOVA, P[ .001). Similarly,
chemoreﬂex sensitivity to hypoxia was maintained in both patient groups, which did not differ from each other, and was
reduced compared with controls (controls vs patient groups DVE/DSpO2: e1.37 6 0.33 vs e0.33 6 0.08 and SpO2%
e0.296 0.13 L/min; P[ .002;DVE/DPetO2: e0.206 0.1 vse0.016 0.0 and e0.076 0.02 L/min/mmHg; P[ .04,
ANOVA with least signiﬁcant difference correction for multiple comparisons).
Conclusions: Our data show that e-CEA, even when performed on both sides, preserves baroreﬂexes and chemoreﬂexes
and, therefore, does not confer permanent carotid sinus denervation. Also, e-CEA does not increase long-term arterial
pressure variability, and this suggests that perioperative hemodynamic derangements can be attributed to the temporary
effects of surgical trauma. (J Vasc Surg 2013;58:136-44.)Eversion carotid endarterectomy (e-CEA), which was
originally described in 1959,1 involves transection of the
distal common carotid artery and plaque removal by
turning inside out both the internal carotid artery (ICA)
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://dx.doi.org/10.1016/j.jvs.2012.11.130may not allow a full visualization of the distal end point
of the endarterectomy. As a consequence, its wide accep-
tance in common surgical practice was reached only 30
years later with the introduction of a modiﬁed method1
that entails the transection of the ICA at its origin at the
carotid bulb and eversion of the ICA only over the athero-
sclerotic plaque.
Despite the fact that clinical results after e-CEA are
comparable to those obtained with standard CEA (s-
CEA),1 which is performed through a longitudinal arterio-
tomy of the ICA, previous reports suggest an increased risk
of postoperative hypertension in patients who undergo e-
CEA.2,3 This phenomenon was attributed to possible iatro-
genic damage to the carotid sinus ﬁbers occurring during
dissection and exposure of the proximal ICA at the bulb
and its oblique circumferential incision. In this respect,
Dr Cooley4 commented in the Journal of Vascular Surgery
that such a complication could be avoided by dividing the
common carotid artery, rather than only the ICA, accord-
ing to the original technique.
A direct injury to the carotid sinus would impair baro-
reﬂex and chemoreﬂex mechanisms that are important in
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Baroreceptors modulate blood pressure modiﬁcations by
reciprocal changes in vagal and sympathetic activity, and
their integrity and functioning are assessed by baroreﬂex
sensitivity (BRS), an index deﬁned as the reﬂex-induced
change in the interbeat interval in milliseconds per mm
Hg blood pressure change.5 Peripheral chemoreceptors
are responsible for the immediate ventilatory and arterial
pressure increments during acute hypoxia, and their func-
tion is quantiﬁed by the ventilatory response to decreasing
concentrations of oxygen under isocapnic conditions.
Notably, postoperative blood pressure instability and
baroreﬂex dysfunction in patients who undergo CEA are
associated with perioperative6,7 and long-term8 increased
cardiovascular morbidity and death. Reduced BRS also
has a well-known prognostic signiﬁcance and is associated
with the occurrence of ventricular arrhythmias and sudden
cardiac death in patients with myocardial infarction.9
The aim of this study was to assess the long-term
effects of e-CEA on spontaneous baroreceptors and on
peripheral carotid chemoreﬂexes. For this purpose, we
analyzed patients who underwent bilateral e-CEA to elim-
inate the complicating effects of contralateral carotid sinus
ﬁber function and to investigate whether these patients
represent a human model of carotid sinus denervation.METHODS
Design. A retrospective review was conducted of
a prospectively compiled computerized database of 3128
CEAs performed in 2617 patients at the San Raffaele
Scientiﬁc Institute between January 2001 and March
2006. During this period, staged bilateral CEAs were per-
formed in 292 patients who had bilateral carotid stenosis
$70% at the time of the ﬁrst admission. Of these, 93
patients underwent staged bilateral e-CEAs, 126 under-
went staged bilateral s-CEAs, and 73 underwent different
procedures on each carotid.
The s-CEAs were performed with routine Dacron
patching, regardless of ICA diameter. Preoperative diag-
nostic workup and anesthetic and surgical management
were previously described in detail.10 Internal Review
Board approval and patients' and participants' informed
consents were obtained.
Study groups. We selected as the study group patients
who underwent e-CEA on both sides and whose postoper-
ative course after both procedures was uneventful. Our aim
was to assess whether these patients had a long-term
functional baroreﬂex and chemoreﬂex integrity, in contrast
to those with bilateral carotid sinus denervation according
to previous reports.11,12 To eliminate patients whomay have
had preoperative deteriorated reﬂexes because of concomi-
tant comorbidities or concurrent confounding factors
for our analyses, exclusion criteria were age >70 years,
diabetes mellitus, chronic pulmonary disease, ischemic
cardiac disease or medical therapy with b-blockers, cardiac
arrhythmia, permanent neurologic deﬁcits, or an abnormal
preoperative cerebral computed tomography scan, carotidrestenosis, and previous neck or chest surgery or irradiation,
and 13 patients met these requirements.
As a ﬁrst control group, to evaluate the effect of the
surgical procedure, we selected patients who underwent
s-CEA on both sides and whose postoperative courses
were uneventful. Exclusion criteria were the same as the
study group, and 16 patients met these requirements. As
a second control group, aged-matched healthy individuals
were recruited to provide reference values for comparison
with the e-CEA and s-CEA groups. Finally, young controls
were recruited to evaluate the effect of age on baroreﬂex
function.
Assessments. In selected patients, perioperative systolic
blood pressure (SBP) and heart rate (HR) values up to
24 hours after surgery were retrospectively collected by
means of record review. Quantiﬁcation of hemodynamic
variability was calculated according to the methods of
Sternbach et al13 as a fraction of the preoperative baseline
value and expressed as a percentage according to the
equation [(HR or SBP maxeHR or SBP min)/HR or SBP
baseline  100].
Selected patients of both surgical groups underwent
noninvasive assessment of baroreﬂex and chemoreﬂex func-
tion after discontinuation of antihypertensive medication
and abstinence from smoking and from alcohol and
caffeine consumption for 48 hours. Healthy controls
underwent the same tests under the same conditions, as
described below. Health was judged by a standard clinical
evaluation, carotid duplex ultrasound scanning, an electro-
cardiogram, and a medical history. All patients underwent
standard cardiovascular reﬂex tests, including lying-to
standing, orthostatic hypotension, deep breathing, and
Valsalva maneuver14 (Appendix, online only).
Statistical analysis. Differences between groups were
evaluated by the Student t-test. SPSS/PCþ 13.0 software
(SPSS Inc, Chicago, Ill) was used for the analysis.
Autonomic evaluation. A computerized method
requiring small operator interaction was used to assess
indices of autonomic sympathovagal balance directed to
the sinoatrial node, sympathetic vasomotor modulation,
and baroreﬂex gain, all from spontaneous beat-by-beat
variations of the R-R interval and systolic arterial pressure
(SAP) variability, considering only sinus rhythm condi-
tions. To minimize the recognized inﬂuence of circadian
variations on autonomic modulation, recordings were
usually performed between 10.00 A.M. and 12.00 P.M. and
at least 2 hours after a light meal, with participants avoiding
caffeinated beverages and heavy physical exercise in the
preceding 48 hours.
After electrode and sensor positioning, participants
were maintained for 10 minutes in a resting supine posi-
tion, necessary for stabilization, and subsequently blood
pressure waveforms, electrocardiogram, and respiratory
activity were continuously recorded during a nominal 5-
minute baseline and then for subsequent 5-minute periods
of active standing.
Cardiovascular signals were acquired by a Micromed
Myoquick System PLUS 4 channel digital polygraph
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trocardiogram was recorded with two electrodes placed on
the patient’s chest, breathing pattern was recorded by
a piezoelectric belt and ﬁnger arterial blood pressure (BP)
was continuously monitored by an Ohmeda Finapres 2300
system (model 5; TNO-BioMedical Instrumentation,
Ohmeda, Englewood, Colo) connected to the Micromed
system.
As described previously,15,16 a series of indexes indirectly
reﬂecting autonomic cardiovascular modulation were
derived from the simultaneous autoregressive spectral anal-
ysis of R-R interval and SAP variability. R-R interval spectral
powers were quantiﬁed in low-frequency (LF, 0.03-014Hz)
and in high-frequency (HF, 0.15-0.35 Hz) regions. LF
spectral powers were normalized according to the formula
[PLF[nu] ¼ [(PLF[msec]2 )/(VARRR[msec]2 e VLF[msec]2 )] 
100], where PLF[nu] is LF powers in normalized unit, VAR
is total variance, and VLF is the very-low-frequency compo-
nent (<0.03 Hz); similar normalization was performed
for HF powers. LF-to-HF ratio of R-R interval variability
powerwas also computed.Within the sympathovagalmodel,
the balance between LF and HF components of R-R
variability (particularly using nu) reﬂects the changing
dynamics of, respectively, sympathetic and vagal oscillatory
modulation of the sinoatrial node.
SAP spectral powers are quantiﬁed as total variance and
in the LF region (0.33-0.14 Hz) and reported in absolute
units,17 which provides an index of sympathetic arterial BP
modulation.
The simultaneous analysis of R-R and SAP variability
also permits estimation of the gain of the (spontaneous)
baroreﬂex. This is accomplished in time and in the
frequency domain, using several algorithms that exploit
differentdyet complementarydaspects of the complex
reﬂex system under scrutiny, as described by Porta
et al.18 In this study, we focused on BRS (time domain
index),19 index alpha (frequency domain index),20 and
XAR (causal parametric baroreﬂex index),18 which explic-
itly addresses oscillations generated by mechanisms
involving non-baroreﬂex circuits (eg, cardiogenic reﬂexes
mediated by myocardial ischemia).
Cross-spectral analysis19 is used to determine whether
a stable relationship exists between R-R and SAP series to
broaden the information on regulated cardiovascular func-
tion. Cross-spectral analysis is performed by means of bivar-
iate autoregressive identiﬁcation and is used to compute
a squared coherence function (K2). K2 is deﬁned as the
squared cross-spectrum amplitude normalized by the
product of the spectra of two signals. K2 is a measure of
the statistical link between R-R, SAP, and respiration series
at any given frequency and ranges between 1 (perfect corre-
lation) and 0 (perfect uncorrelation). In this study, coher-
ence values $0.5 are considered signiﬁcant. LF K2 and HF
K2 were derived as the maximum of K2 inside the LF and
HF bands, respectively. Bivariate analysis also provides
a measure of spontaneous BRS as the transfer function
gain between R-ReSAP gain at LF and HF frequencies.Reference control groups (Supplementary Table,
online only) comprising 15 young healthy participants
(age, 33 6 6 years; body mass index, 22.88 6 2.95 kg/
m2) and 21 older healthy participants (age, 66 6 10 years;
body mass index, 27.656 5.32 kg/m2) were recruited and
underwent the same tests under the same conditions to
provide reference values for comparison with patients.
Statistical analysis. Signiﬁcance of differences was esti-
mated with linear mixed model, with post hoc contrasts.
Additional tests included, as appropriate, one-way analysis
of variance (ANOVA) and t-test. Computations were per-
formed with SPSS/PCþ 13.0 software (SPSS Inc, Chicago,
Ill). Data are expressed as mean 6 standard deviation.
Peripheral chemoreﬂex function. The ventilatory
response to oxygen is the measurement of the increase or
decrease in the minute ventilation (VE) caused by
breathing various concentrations of oxygen under iso-
capnic conditions (partial pressure of arterial carbon
dioxide [PaCO2] ¼ 40 mm Hg). The change in ventilation
may be recorded in relation to changes in partial pressure of
arterial oxygen (PaO2) or hemoglobin oxygen saturation as
monitored by pulse oximetry (SpO2). This test investigates
peripheral chemoreﬂex sensitivity, which may be altered
in a number of conditions and may be associated with
a selective potentiation of autonomic and hemodynamic
responses.
The ventilatory response to hypoxia was assessed in 21
of 29 patients at least 3 months after undergoing CEA by
patch (n ¼ 10) or eversion (n ¼ 11) technique. The
control group consisted of 12 healthy volunteers. Classic
rebreathing tests were performed at sea level at 21C and
60% relative humidity. Participants were asked to refrain
from smoking and drinking caffeinated beverages for at
least 2 hours before the experiment. The ventilatory
response to decreasing concentrations of oxygen under iso-
capnic conditions was measured using an open-circuit tech-
nique. Participants were seated comfortably, breathing
through pneumotachograph and nonrebreathing valve
(Hans Rudolph, Shawnee, Kan) connected to a 50-L
Douglas bag containing a gas mixture of 23% oxygen, 4%
carbon dioxide, and the balance with nitrogen, regulated
by separate rotameters. Tidal volume, breathing frequency,
fraction of inspired oxygen, and end-tidal concentrations of
oxygen and carbon dioxide were monitored breath-by-
breath using a Vimax metabolic cart (SensorMedics
Corp, Yorba Linda, Calif). Oxygen saturation was continu-
ously monitored by using a pulse oximeter (9600 Nonin,
Philadelphia, Pa) connected to the metabolic cart by an
analog/digital interface permitting a breath-by-breath
record of oxygen saturation and HR.
After allowing participants to reach a steady state, base-
line measurements were taken, followed by a standard step
test. Stepwise decrements in oxygen concentrations (from
20% to 10%) were performed, allowing the participants to
reach steady state at every concentration. Carbon dioxide
was added as necessary to maintain a steady end-tidal
carbon dioxide concentration. The chemoreﬂex sensitivity
Table I. Descriptive statistics of cardiovascular reﬂex
tests
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regression of minute ventilation vs SpO2%.Test
e-CEA
(n ¼ 13)
s-CEA
(n ¼ 16) Pa
Lying to standing 1.15 6 1.08 1.05 6 0.01 .129
Deep breathing 15.44 6 2.46 12.06 6 0.98 .230
Valsalva maneuver 1.35 6 0.04 1.27 6 0.01 .151
Orthostatic hypotension e6.66 6 1.61 e6.71 6 1.28 .980
e-CEA, Eversion carotid endarterectomy; s-CEA, standard carotid
endarterectomy.
Data are shown as mean 6 standard error.
aStudent t-test.RESULTS
The study enrolled 29 patients (16 men; age, 62.4 6
8.0 years). Overall, 13 patients had undergone bilateral
e-CEA (44.8%) and 16 bilateral s-CEA (55.2%), with
a mean interval between the procedures of 62 6 56 days.
Hemodynamic variability was not different between the
groups, as assessed by HR variability (30.7% 6 16.8% vs
25.4% 6 16.9%; P ¼ .4) and SBP variability (36.2% 6
13.5% vs 30.6% 6 13.7%; P ¼ .3).
After a mean interval of 24 6 17 months after the last
CEA, 16 patients (55.2%) completed baroreﬂex and che-
moreﬂex function tests, and 13 (44.8%), due to lack of
compliance or fatigue, underwent baroreﬂex (n ¼ 8) or
chemoreﬂex function evaluation (n ¼ 5). We calculated
that the sample size of our study achieved 90% power to
detect a difference in the proportion of individuals with
functional baroreﬂex and chemoreﬂex integrity of at least
80% with an a error ¼ 0.05.
Cardiovascular reﬂex tests. No patient showed signs
or symptoms of autonomic dysfunction, including labile
hypertension, tachycardia, palpitations, headache, inappro-
priate diaphoresis, pallor, or ﬂushing.
According to Ewing and Clarke,15 the results of each
test were classiﬁed as normal, borderline, or abnormal,
and none of the enrolled patients showed evidence of auto-
nomic dysfunction. Descriptive statistics of standard
cardiovascular autonomic tests are reported in Table I.
No statistically signiﬁcant differences were found between
the two groups.
Spectral analysis of HR and BP variability. A rest,
monovariate data (Table II, A) showed marked and ex-
pected differences between young and old controls in
absolute values of R-R variability, such as R-Rs2, and, as
a corollary, absolute powers of LFR-R and HFR-R. No
difference was observed in normalized powers of R-R
variability. The old controls and patients did not differ.
SAP was greater in old controls than in young controls,
but, again, patients did not differ from old controls. Like-
wise, bivariate data (Table II, B) expressing different
aspects of spontaneous baroreﬂex regulations of heart
period, demonstrated a marked age-related impairment,
as documented by reductions in the frequency domain
alpha index, in the time domain BRS, and in model-
derived XAR, as well as in the LF and HF gains. Notably,
within the obvious reduction in baroreﬂex functions
observed in patients, a slight but signiﬁcantly higher value
was observed in e-CEA than in s-CEA.
Differences between groups on bivariate parameters
showed a depressed transfer gain, at LF and HF, in patients
and old controls compared with young controls.
As expected, in young and old controls, standing up
(Table III, A) was associated with reduced R-R and to
a shift of the R-R spectral proﬁle in favor of the LFcomponent. Likewise, an increase was also observed in
LFSAP. Overall, these changes suggest sympathetic
activation.
SAP remained unchanged and, notably, was not
reduced upon standing in patients, who, however, did not
manifest signiﬁcant increases in spectral markers of sympa-
thetic excitation (Fig 1). Of note is that, also in standing
(Table III, B), residual baroreﬂex performance appeared
better maintained in e-CEA, as suggested by greater values
of BRS and LF gain. Also in standing, transfer gain at LF
tended to be more elevated in young controls.
Peripheral chemoreﬂex function. The control group
was slightly younger than the patch group (mean age,
46.4 6 18.3 vs 54.6 6 11.7 for the e-CEA and 61.8 6
8.2 for the patch group; P ¼ .03 compared with patch,
one-way ANOVA with least signiﬁcant difference correc-
tion for multiple comparisons). There was also a male
predominance in the control group (n ¼ 10) compared
with patch (n ¼ 7) and e-CEA (n ¼ 5).
Ventilation (VE) and oximetry data in all participants
ﬁtted a linear regression model (r > 0.8). One-way
ANOVA showed a signiﬁcantly higher slope for DVE/
DSpO2 in controls compared with both patient groups
that did not differ signiﬁcantly among the groups
(e1.37 6 0.33 compared with e0.33 6 0.08 and
e0.29 6 0.13 L/min/SpO2%; P ¼ .002; Fig 2). Similar
results were observed for DVE/Dpartial pressure of end-
tidal oxygen (PetO2; e0.20 6 0.1 vs e0.01 6 0.0 and
e0.07 6 0.02 L/min/mm Hg; P ¼ .04; Fig 3).
A regression model using treatment (ie, CEA regard-
less of technique), age, baseline fraction of inspired CO2,
and minimum SpO2 achieved showed treatment was the
only signiﬁcant factor in explaining the variance in minute
ventilation (R2 ¼ 25%).DISCUSSION
The afferent signals from both carotid baroreceptors
and chemoreceptors ascend in the carotid sinus nerve to
join with the glossopharyngeal nerve toward the brain-
stem.12 This anatomic proximity typically causes the
sequelae of baroreceptor and chemoreceptor denervation
as a result of an iatrogenic injury to arise in parallel.12
Table II. A, Summary statistics of R-R and systolic arterial pressure (SAP) variability at rest
Variable
Controls CEA
P
ANOVAYoung (n ¼ 15) Old (n ¼ 21) Eversion (n ¼ 8) Standard (n ¼ 11)
Sex, No.
Male 8 11 6 7
Female 7 10 2 4
Age, years 33.13 6 6.1 66.38 6 10.4 62.4 6 11.3 65.4 6 6.4 .001
R-R, msec 981.51 6 142.33 996.35 6 168.21 946.18 6 127.51 855.03 6 122.34
R-Rs2, msec2 3770.24 6 4023.63 850.59 6 698.22 823.49 6 681.45 616.11 6 533.09 .001a,b,c
R-R
LF, au msec2 1460.26 6 2420.15 120.74 6 84.08 174.82 6 138.18 102.09 6 125.57 .012a,b,c
HF, au msec2 785.45 6 489.3 262.72 6 459.78 208.16 6 110.93 115.17 6 121.48 .001a,b,c
LF, nu 53.89 6 14.98 43.2 6 26.28 41.89 6 24.93 41.82 6 25.71
HF, nu 43.68 6 14.42 48.39 6 26.77 49.46 6 25.6 48.32 6 27.43
R-R LF/HF 1.51 6 0.99 2.02 6 2.71 1.75 6 2.5 1.75 6 1.99
SAP, mm Hg 117.31 6 12.99 137.22 6 20.43 142.61 6 10.16 146.82 6 20.23 .001a,b,c
SAPs2, msec2 38.43 6 33.46 30.17 6 24.18 20.28 6 19.9 26.15 6 15.32
SAP, mm Hg2
LF au 9.6 6 12.63 4.29 6 4.53 3.62 6 2.96 2.92 6 3.11
HF au 2.78 6 2.67 4.61 6 7.03 2.9 6 2.95 4.8 6 5.38
Respiration HF, mHz 258.07 6 39.7 263.33 6 47.64 258.38 6 40.44 289.45 6 46.31
ANOVA, analysis of variance; au, absolute units; CEA, carotid endarterectomy; HF, high frequency; LF, low frequency; nu, normalized units; s2, variance.
Continuous data are expressed as average 6 standard deviation of the mean.
Signiﬁcant differences: ayoung vs old controls; byoung vs eversion CEA; and cyoung vs standard CEA.
Table II. B, Summary statistics of bivariate analysis of R-R and systolic arterial pressure (SAP) variability at rest
Variable
Controls CEA
P
ANOVAYoung (n ¼ 15) Old (n ¼ 21) Eversion (n ¼ 8) Standard (n ¼ 11)
Sex, No.
Male 8 11 6 7
Female 7 10 2 4
Alpha, msec/mm Hg 17.08 6 6.47 8.04 6 3.69 8.93 6 4.7 6.41 6 4.71 .001a,b,c
BRS, msec/mm Hg 19.93 6 9.5 7.75 6 5.68 13.85 6 14.54 4.93 6 3.83 .001a,c,d
XAR, msec/mm Hg 5.36 6 3.28 1.99 6 4.5 2 6 2.67 0.55 6 1.12 .008a,b,c
R-ReSAP
LF, mHz 101.91 6 193.93 71.59 6 25.01 57.49 6 21.45 83.67 6 42.02 .002a,b,d
LF K2 0.75 6 0.14 0.54 6 0.17 0.54 6 0.19 0.58 6 0.20 .004a,b,c
LF phase, rad e0.95 6 0.49 e1.14 6 1.36 e2.09 6 0.38 e1.1 6 0.31
HF, mHz 231.37 6 60.9 270.69 6 56.6 259.16 6 42.28 285.21 6 55.7
HF K2 0.85 6 0.11 0.73 6 0.23 0.79 6 0.2 0.93 6 0.06 .018a,e
HF phase, rad e0.31 6 0.41 0.61 6 0.96 e0.17 6 1.19 0.16 6 0.47 .009a,f
R-ReSAP gain
LF, msec/mm Hg 12.809 6 5.507 5.221 6 4.702 6.065 6 3.509 5.223 6 4.75 .001a,b,c
HF, msec/mm Hg 20.064 6 9727 8.384 6 7967 9.66 6 8947 5.7 6 4716 .001a,b,c
Alpha, Frequency domain index of baroreceptor reﬂex sensitivity; ANOVA, analysis of variance; BRS, baroreceptor reﬂex sensitivity; CEA, carotid endar-
terectomy; HF, high frequency; K2, squared coherence; LF, low frequency; SD, standard deviation; XAR, causal baroreﬂex index.
Continuous data are expressed as average 6 standard deviation of the mean.
Signiﬁcant differences: ayoung controls vs old controls; byoung controls vs eversion CEA; cyoung controls vs standard CEA; deversion CEA vs standard CEA;
eold controls vs standard CEA; fold controls vs eversion CEA.
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previously investigated, but controversial results have been
reported due to methodologic differences among the
studies, including patient and control selection and the
choice of speciﬁc tests.21 After unilateral s-CEA, BRS has
been reported to improve,22,23 improve only in hypertensive
patients,24 remain unchanged,25,26 and decline.22,27 Ille
et al28 reported a patient with baroreﬂex failure after staged
bilateral s-CEA, whereas Wade et al29 investigated eightpatients who underwent the same procedure and failed to
show any signiﬁcant changes postoperatively. Inconsis-
tently, however, this study also reported a markedly reduced
peripheral chemoreﬂex function in the same patients.30
Conversely, Vanmaele et al30 described an increased
response to hypoxia after bilateral s-CEA.
In fact, CEA is associated with a variable balance
between different effects of surgical trauma. Attenuated
BRS may result from iatrogenic damage to the carotid sinus
Table III. A, Summary statistics of R-R and systolic artery pressure (SAP) variability at standing
Variable
Control group CEA
P
ANOVAYoung (n ¼ 15) Old (n ¼ 21) Eversion (n ¼ 8) Standard (n ¼ 11)
Sex, No.
Male 8 11 6 7
Female 7 10 2 4
R-R, msec 793.66 6 132.13 922.86 6 167.18 900.38 6 116.72 801.21 6 139.61 .037a,b
R-Rs2, msec2 3148.41 6 2032.77 717.78 6 493.05 770.59 6 403.78 438.87 6 320.15 .001a,c,d
R-R
LF, au msec2 1533.34 6 1472.63 300.92 6 389.41 151.60 6 172.02 102.38 6 160.66 .001a,c,d
HF, au msec2 131.85 6 121.23 59.36 6 70.15 84.10 6 58.27 56.17 6 69.33
LF, nu 85.46 6 14.50 67.50 6 22.50 46.69 6 19.70 48.15 6 29.93 .001a,b,c,d,e
HF, nu 11.09 6 9.58 21.92 6 19.56 43.80 6 16.70 40.51 6 29.88 .001b,c,d,e
LF/HF 18.00 6 18.59 8.17 6 11.21 1.50 6 1.35 7.30 6 16.49 .047a,c
SAP, mm Hg 113.28 6 21.13 138.87 6 32.06 148.84 6 12.40 150.65 6 15.08 .001a,c,d
SAP s2, msec2 153.82 6 314.77 44.46 6 22.92 57.00 6 67.16 51.25 6 37.70
SAP
LF au, mm Hg2 28.43 6 16.13 18.03 6 18.32 3.10 6 3.04 5.41 6 6.00 .001a,b,c,d,e
HF au, mm Hg2 4.62 6 3.29 4.11 6 2.82 7.43 6 14.69 6.15 6 3.86
Respiration HF, mHz 0.27 6 0.05 0.28 6 0.05 0.26 6 0.003 0.31 6 0.06
ANOVA, Analysis of variance; au, absolute units; HF, high frequency; LF, low frequency; nu, normalized unit; SD, standard deviation; s2, variance.
Signiﬁcant differences: ayoung vs old controls; bold controls vs standard CEA; cyoung controls vs eversion CEA; dyoung controls vs standard CEA; eold
controls vs eversion CEA.
Fig 1. Comparison of (top) simple hemodynamics for (left) heart rate (HR) and (right) systolic arterial pressure (SAP)
and (bottom) power of selected spectral components (left) low frequency (LFR-R[nu]) and (right) LFSAP in young (Y)
and old (O) controls, as well as in eversion carotid endarterectomy (e-CEA) (E) and standard CEA (P). Notice the lack of
orthostatic hypotension in controls and in both groups of patients. Resting, stippled bars; standing, cross-striped bars.
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a decrease in wall distensibility due to surgery-induced peri-
arterial ﬁbrosis.32 On the other hand, removal of an athero-
sclerotic plaque may improve baroreﬂex function bychanging the mechanical properties of the carotid sinus
arterial wall and reintegration of baroreceptor areas into
circulatory regulation.32 Another relevant determinant of
the effect of unilateral CEA is the compensatory ability of
Table III. B, Summary statistics of bivariate analysis of R-R and systolic artery pressure (SAP) variability at standing
Variable
Control group CEA
P
ANOVAYoung (n ¼ 15) Old (n ¼ 21) Eversion (n ¼ 8) Standard (n ¼ 11)
Sex, No.
Male 8 11 6 7
Female 7 10 2 4
Alpha, msec/mm Hg 6.44 6 3.02 4.83 6 4.58 6.47 6 3.86 3.91 6 2.64
BRS, msec/mm Hg 7.83 6 2.55 3.71 6 1.59 7.04 6 5.62 3.57 6 3.80 .001a,b,c,d
XAR, msec/mm Hg 3.77 6 2.27 2.14 6 4.56 2.01 6 4.30 0.61 6 0.70
R-ReSAP
LF, mHz 0.10 6 0.02 0.08 6 0.03 0.08 6 0.04 0.06 6 0.03 .032b
LF K2 0.80 6 0.14 0.67 6 0.17 0.50 6 0.21 0.50 6 0.14 .001a,b,c,e,f
LF phase, rad e1.13 6 0.29 e1.05 6 1.41 e0.30 6 1.91 e1.78 6 0.90
HF, mHz 0.22 6 0.06 0.27 6 0.08 0.24 6 0.05 0.27 6 0.07
HF K2 0.63 6 0.26 0.60 6 0.23 0.75 6 0.21 0.84 6 0.17 .041b,f
HF phase, rad e0.30 6 0.58 e0.03 6 1.36 e0.10 6 0.66 e0.14 6 0.73
R-ReSAP gain
LF, msec/mm Hg 6.53 6 2.04 4.04 6 3.44 5.85 6 5.07 2.39 6 1.53 .01a,b,d
HF, msec/mm Hg 5.47 6 3.19 3.49 6 3.64 5.40 6 3.90 3.20 6 3.52
Alpha, Frequency domain index of baroreﬂex sensitivity; ANOVA, analysis of variance; BRS, baroreceptor reﬂex sensitivity; CEA, carotid endarterectomy;HF,
high frequency; K2, squared coherence; LF, low frequency; XAR, causal baroreﬂex index.
Continuous data are presented as average 6 standard deviation of the mean.
Signiﬁcant differences: ayoung controls vs old controls; byoung controls vs standard CEA; cold controls vs eversion CEA; deversion vs standard CEA; eyoung
controls vs eversion CEA; and fold controls vs standard CEA.
Fig 2. Slopes of the linear regression of minute ventilation (VE)
and oxygen saturation measured by pulse oxymetry (SpO2) %. The
bars show the standard error.
Fig 3. Slopes of the linear regression of minute ventilation vs
partial pressure of end tidal oxygen (PetO2) mm Hg. The bars
show the standard error.
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due to the reduced arterial distensibility and BRS secondary
to atherosclerosis.33,34
Our study is the ﬁrst to speciﬁcally address the effect of
e-CEA, and to eliminate the complicating effects of contra-
lateral carotid sinus ﬁbers and the temporary effects of
surgical trauma, we studied at late follow-up patients who
underwent uneventful bilateral e-CEA.
As a benchmark, we used the results of recent studies
on patients with histologically demonstrated complete
carotid sinus denervation as a result of bilateral carotid
body tumor resection (bCBTR). Interestingly, these
studies showed that in humans, in contrast to what was
observed in experimental models, the lack of carotidbaroreceptors is not completely compensated by aortic
and cardiopulmonary baroreceptors.12 In particular,
carotid baroreceptor denervation results in a persistent
decrease in vagal and sympathetic BRS and an increase in
BP variability.13 Furthermore, bCBTR was associated
with a peripheral chemoreﬂex failure that entails the aboli-
tion of the ventilatory response to hypoxia under normo-
capnic conditions.13 A small residual hypoxic response
may be maintained by aortic bodies when their gain is
ampliﬁed by hypercapnia. In addition, peripheral chemore-
ﬂex failure causes a 20% to 30% decrease in carbon dioxide
sensitivity, and long-term resting hypoventilation and
hypercapnia may also occur.13
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had a residual baroreﬂex and chemoreﬂex function and
were asymptomatic. In addition, arterial pressure variability
was not increased in patients compared with similarly aged
controls. Hence, our data indicate that bilateral e-CEA
does not imply a permanent carotid sinus denervation,
and this is consistent, from an anatomic viewpoint, with
the great variability of the carotid sinus nerve branches
and the presence of unpredictable loops of communica-
tions described in a recent study performed on human
cadavers with a nerve-speciﬁc sensitive acetylcholinesterase
staining technique.35 Our results also imply that perioper-
ative hemodynamic derangements after e-CEA can be
attributed to temporary effects of surgical trauma.
Our data also show that as a result of some predictable
degree of iatrogenic damage, patients had a baroreﬂex and
chemoreﬂex performance lower than that of controls.
Interestingly though, baroreﬂexes appeared better main-
tained in e-CEA than in s-CEA, in contrast to what we ex-
pected. Our work does not allow us to draw thorough
conclusions regarding the exact causal effect of such
a phenomenon. We can speculate, however, that it may
be related to the changes in the elastic properties of the
carotid sinus vascular wall, because the biologic and
synthetic patching materials, and particularly the latter,
are signiﬁcantly stiffer than the carotid wall in longitudinal
and circumferential directions.36 Further ad hoc studies are
necessary to prove this hypothesis.
Patients who underwent bilateral CEA were regarded
as a model for the purpose of the study. Notably, however,
patients with bilateral signiﬁcant carotid stenosis at the time
of the ﬁrst hospital admission and scheduled for staged
bilateral CEA accounted for 11.1% of the total population
who underwent CEA at our center.11 Also, disease
progression in contralateral asymptomatic ICAs after
CEA is relatively common in patients with a diseased
ICA, with an 8.8% risk at 10 years of undergoing a contra-
lateral CEA.37 As a result, our data support the safety of
bilateral CEA in terms of permanent iatrogenic effects on
the carotid sinus nerve, regardless of the surgical technique,
in this remarkable subset of patients.
Finally, it is noteworthy that unilateral CEA may also
have relevant clinical implications on postoperative
outcome in patients with preoperative impaired baroreﬂex
function due to concomitant diseases associated with this
condition, including diabetes mellitus, ischemic heart
disease, stroke, contralateral carotid plaque, and advanced
age.
CONCLUSIONS
We recognize some limitations of our study, including
the relatively small number of patients, due to the
extremely restrictive inclusion and exclusion criteria, the
lack of perioperative assessment of reﬂexes function, and
the lack of comparison between preoperative and postoper-
ative patients’ performances. Nevertheless, we believe that
our methodologic approach allowed us to provide robust
evidence to demonstrate that e-CEA is not associatedwith permanent loss of carotid baroreceptor and chemore-
ceptor function.
This work represents the PhD thesis of Massimiliano
M. Marrocco-Trischitta (“Metodologie di Ricerca in
Malattie Vascolari e Toraciche” PhD Program, University
of Bologna, School of Medicine; Director: Prof Andrea
Stella).
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Standard cardiovascular reﬂex tests. Heart rate
reﬂexes occur within seconds of a perturbation, and beat-
to-beat heart rate analysis comes from analysis of electro-
cardiogram (ECG). Standard precordial placements of the
recording electrodes were used. Patients were assessed by
four tests: lying-to-standing, orthostatic hypotension, deep
breathing, and Valsalva maneuver. Investigations were
performed in a room with an ambient temperature of 22C
to 24C.
Lying-to-standing. Studying the heart rate changes to
standing (30:15 ratio was calculated by dividing R-R
interval at the 30th beat by the R-R interval at the 15th
beat) is indicated in testing the integrity of parasympathetic
cholinergic cardiovagal function.
Orthostatic hypotension. Studying blood pressure
changes to standing is indicated in testing the integrity of
the sympathetic adrenergic function. Orthostatic hypoten-
sion is a reduction of systolic blood pressure of at least 20
mm Hg or diastolic blood pressure. Blood pressure was
measured with the patient supine, and at 30, 60, 90,
120, and 180 seconds after standing following 3 minutes
of recumbency.
Deep breathing. Studying heart rate variation with
respirations is indicated in testing the integrity of the para-
sympathetic cholinergic function. Heart rate is increased by
inspiration and decreased by expiration. The patient
breathed deeply at 6 breaths/min for 1 minute, while theSupplementary Table (online only). Study population
Variable
Control groups
Young (n ¼ 15) Old (n ¼ 21)
Age, years 33 6 6 66 6 10
Sex, No.
Male 8 11
Female 7 10
BMI, kg/m2 22.88 6 2.95 27.88 6 4.70
SAP, mm Hg 119 6 14 140 6 16
DAP, mm Hg 70 6 9 73 6 7
Heart rate, beats/min 62.4 6 9.5 61.4 6 9.8
ANOVA, Analysis of variance; BMI, body mass index; CEA, carotid endarterect
Continuous data are presented as average 6 standard deviation of the mean.
Signiﬁcant differences: ayoung vs old controls; byoung controls vs eversion CE
controls vs standard CEA.ECG recorded the heart rate. The maximum and minimum
R-R intervals during each breathing cycle were measured
and converted to beats per minute. Each test was repeated
three times, and the mean value was calculated. The mean
difference between maximum and minimum heart rate was
calculated.
Valsalva maneuver. Testing heart rate changes during
the Valsalva maneuver (Valsalva ratio) is indicated in
testing the integrity of parasympathetic cholinergic func-
tion. The patient blew through a mouthpiece attached to
a manometer, maintaining 40 mm Hg pressure for 15
seconds under continuous ECG monitoring. The Valsalva
ratio was calculated dividing the longest R-R interval after
strain release by the shortest R-R interval during the strain
period.
Essential glossary for autonomic evaluation.
BRS: baroreﬂex slope providing time domain
measure of cardiac baroreﬂex gain
Alpha index: frequency domain index of cardiac bar-
oreﬂex gain
LF: low frequency spectral component
HF: high frequency spectral component
XAR: causal parametric index of cardiac baroreﬂex
gain
Transfer gain: gain of the transfer function between
two variability signals (eg, between R-R interval
and systolic arterial pressure providing an additional
index of baroreﬂex gain).CEA
P
ANOVAEversion (n ¼ 8) Standard (n ¼ 11)
62 6 11 65 6 6 .001a,b,c
2 7
6 4
28.05 6 2.69 27.55 6 4.27
153 6 18 143 6 13 .001a,b,c
86 6 7 82 6 9 .001b,c,d,e
70.9 6 11.8 66.9 6 9.2
omy; DAP, diastolic arterial pressure; SAP, systolic arterial pressure.
A; cyoung controls vs standard CEA; dold controls vs eversion CEA; eold
